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Objectives 
•Characterize adhesion force 
between gas hydrate quartz and 
calcite surfaces. 
•Relate adhesion force to chemical 
and physical properties of minerals.   
Hydrates & Energy Potential 
•Hydrates are crystalline inclusion 
compounds, where water forms 
cages that encage “guest 
molecules” (typically hydrocarbons) 
[1,2]. 
•  The amount of energy stored in gas 
hydrates is estimated to be twice 
that of traditional fossil fuels [1]. 
These deposits are found below the 
permafrost and under the ocean 
floor in contact with sediments [1,2].  
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Wettability  
 This is a water droplet on Stainless 
Steel equilibrated in oil. The contact 
angle is determined visually and 
depends on surface free energy 
and roughness. 
Micromechanical Force 
Apparatus (MMF)  
 Cyclopentane hydrate is formed in a 
cooling bath inside an inverted light 






The unique thermal, electrical, optical, and structural properties of 
Group IV clathrates have brought them to the forefront of potential 
renewable energy opportunities. Specifically, the semiconductor 
capabilities of a crystalline alloyed silicon-germanium clathrate are 
especially promising due to the tunability of these properties for 
photovoltaics or thermoelectrics1. However, a successful crystalline 
clathrate has yet to be formed at all molar compositions of SiGe. 
Therefore, understanding the critical parameters which control the 
formation of a crystalline alloyed SiGe clathrate are indispensable to 




• Crystalline [Si1-xGex]136, x=0, 0.1 
0.5, 0.75 & 1 synthesized to d te 
• (Si1-xGex)136, x=0.25 synthesis 
shows major amorphous content 
• Further understanding of SiGe 
clathrate synthesis needed 
between .1<x<.5, (i.e. Region of 
Interest) 
• Decomposition of [Si.8Ge.2]136 in 
Ar at 400-500oC or longer vacuum 
decomp.  time at 370oC both do 
not promote crystallinity from 
amorphous contents 
Crystallinity of Synthesized Clathrates: 
Results & Conclusions 
• Clathrate = cage structured compounds  which can trap ions as 
guests;  low density allotrope of d-Si 
• Thermodynamically stable, but not naturally occurring 
• Almost empty cages needed for semiconductor behavior 
• Guest (Na) removal possible in Type II 




Quantitative Phase Analysis:   





• Identify the stoichiometric amounts of Si & Ge which exhibit 
crystalline vs. amorphous regions vs. no conversion 
• Determine different thermal decomposition conditions which 
facilitate crystalline Type II SiGe clathrate formation 
 
 
Inorganic Group IV (e.g. Si & Ge) Clathrates 
 
X-ray diffraction patterns of each of the six clathrates 
synthesized (.1<x<.4) among [Si1-xGex]136   
Composition of  Type I vs. Type II 
Clathrate Structures1 
Experimental band gap decreases 
linearly with increasing Ge alloying1 
The rate of sodium decreases as 
a function of decomposition time 
Type II Clathrate Formation takes advantage of 
sodium sublimation at 300 deg C1 
Decomp temp is decreased with increasing Ge in 
order to limit the lingering d-SiGe fraction impurity 
Rietveld refinement indicates the sodium 
content is ~ 2 for this 90%Si10%Ge clathrate: 
Na2[Si.9Ge.1]136 
 
• GSAS was used to employ and 
execute the Rietveld refinement 
• The plot to the right displays a refined 
sample of ~ Na2[Si.9Ge.1]136 




• Perform Raman & SEM to characterize the six compositions of 
clathrates and determine Ge site occupancy. 
• Repeated synthesis of different alloyed compositions ~25%Ge  
for comparison of amorphous v. crystalline nature. 
 
[Si1-xGex]136 Synthesis Complications  
Evidence of Alloyed Type II SiGe Clathrate 
 
• Rietveld utilizes peak fitting to a least squares curve in order to determine a 
compound’s phase fractions 
• Refined parameters are based on classical                                                      
intensity equation, shown below:  
• Vacuum decomposition of 
each alloyed precursor 
occurred for 48 hours at 
340o, 360o, 365o, or 370oC 
• Alloyed compositions 
confirmed using GSAS 
Rietveld refinement 
• Observed peak shift to 
lower 2theta values is due 
to increasing lattice 
parameter with increasing 
Ge content 
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X-ray diffraction results 
from each synthesis 
method for [Si.80Ge.20]136   
Na2[Si.9Ge.1]136 Clathrate 
 
• Type II clathrate synthesis 
confirmed at [Si.9Ge.1]136 & 
[Si.85Ge.15]136  
• Synthesis only partially 
effective at 20 & 40%Ge. 
Amorphous content 
increases ~25%Ge 
• Precursor Na4[Si1-xGex]4 
mostly unconverted at 
x=.20 and .23 
